., 1989. Determination of total contents of fluid inclusions in quartz using modal analysis: Examples from Proterozoic rocks and ore deposits in Finland. Bull. Geol. Soc. Finland 61, Part 2,[197][198][199][200][201][202][203][204][205][206][207][208] A modified linear measurement procedure following Rosiwal's method to determine the total volume contents of fluid inclusions in minerals is described. The contents were determined from quartz crystals and grains in 13 Proterozoic rock and ore specimens from Finland. The quartz contained primary, pseudo-secondary and secondary fluid inclusions with five main filling types identified with optical methods, a crushing stage and heating/freezing runs. In hydrothermal quartz crystals (smoky quartz) the fluid inclusion contents were high, from 1.070 to 1.661 volume percent, whereas in metamorphic and magmatic quartz and in quartz veins the total contents ranged from 0.028 to 0.917 volume per cent. A high positive linear correlation, r = 0.915, exists between the average intercept length and total contents of inclusions in the quartz specimens studied. The mean intercept lengths of fluid inclusions in metamorphic and magmatic rock-forming quartz were exceedingly small, ranging from the limit of resolution of the optical system used up to 3.13 microns. Practical applications of the determinations of fluid inclusion contents to the purity evaluation of mineral raw materials, to the estimation of the polishing properties of the smoky quartz used as gem material and to fluid-rock interactions in connection with nuclear waste site studies in crystalline bedrock are briefly discussed.
Introduction
meteorites and lunar rocks studied so far (Roedder 1984) lack confirmed fluid inclusions. Fluid inclusions, gaseous and liquid impurities common in many terrestrial minerals, are microscopic remnants of the omnipresent fluid phase characterizing the past and present Earth's crust. Most fluids in the inclusions represent the C-O-H-S(-N) system with water-soluble salts (Holloway 1981) . It is noteworthy that almost all the extraterrestrial minerals in chondritic In recent years, interest in fluid inclusions has been triggered by the search for ultra-pure mineral raw materials, e.g. quartz, for the glass and high-technology electronics industry (Saikkonen 1981) ; by site investigations for the final underground disposal of high-level nuclear waste with special reference to the deep saline ground waters chemically balanced due to fluid-rock interac-tions (Hyyppä 1963; Kankainen 1982; Hyyppä 1986; Nurmi et ai. 1988) ; and by the estimation of polishability, mainly undercutting, hampered by exposed inclusion cavities, of the smoky quartz used for cabochon material. These problems, together with the petrological study of fluid inclusions in metamorphic rocks with their implications for the generation of retrograde metamorphic fluids (see Spear and Selverstone 1983) , require at least some knowledge of the actual volume content of fluid inclusions as chemical impurities in specific raw materials and in the crystalline bedrock. Conventional fluid inclusion studies, which mainly deal with the genesis of ore deposits, have centred on the thermometrical parameters of inclusions indicative of the PTX conditions of the mineralizing fluid. Therefore, the volume content of inclusions has been neglected, mainly because of the considerable difficulty of determining it reliably, but also because it has not been assumed to have any direct significance for the interpretation of ore genesis.
Analysis methods
Thus, little is known about the actual volume content of fluid inclusions in minerals, although a few procedures have been proposed for estimating this parameter (e.g., Lindblom 1984) . Roedder (1984, Fig. 5 -1) prepared a nomograph depicting the variation in the density of quartz calculated from the volume percentage of inclusions in quartz. Shatagin (1981) outlined a mathematical method based on the geometrical probabilities of the closest neighbour (in this case inclusion) to evaluate the amount of inclusions in minerals. Yermakov and Myaz' (1965) studied the influence of fluid inclusions on the magnitude of losses on ignition of minerals, mainly quartz, up to 1200°C. Ventslovayte and Valyashko (1985) determined the water content of quartz with gas chromatography using decrepitation in a 320°-500°C temperature range.
These procedures were impractical or inaccurate for determining the actual volume content of fluid inclusions in minerals. First, the smallest fluid inclusions do not usually decrepitate at the temperature used by Ventslovayte and Valyashko (1985) , not even when markedly overheated above their filling temperatures, as by Yermakov and Myaz' (1965) . Consequently, the losses on ignition do not give accurate results. Second, as the density of quartz depends on the presence of mineral inclusions, very small fragments, even though microscopically clean, do not indicate reliably the fluid inclusion contents if measured from density. The pycnometer method used for density determination requires fine-grained samples, but grinding inevitably destroys large fluid inclusions. Third, the geometrical method proposed by Shatagin (1981) gives only a very crude estimate of the number of inclusions per unit area, and because inclusions vary widely in size, it is practically impossible to translate these values into true volume contents. For these reasons, the routine modal analysis (Chays 1956) was modified to meet the requirements of the measurement of line intercept lengths inside individual mineral grains according to the Rosiwal's method (see Jones 1987) . Table 1 . The observed host minerals of fluid inclusions in Finnish rocks and ore deposits studied by the author. The minerals containing S5 inclusions exclusively were omitted. Inclusion types: P = primary and secondary fluid inclusions; S = generally only secondary fluid inclusions. The minerals are listed in descending order of importance for fluid inclusion studies in each column. 
Inclusion hosts
Quartz was selected as the study subject, because it is the predominant host for fluid inclusions in metamorphic and magmatic Proterozoic and Archaean rocks in Finland (Table 1) . Other minerals, with the exception of carbonates, which commonly include primary and secondary fluid inclusions, are only accessory phases in common rock types, or then they are of much younger geological age, as are the Cretaceous calcite crystals with large primary fluid inclusions found in the caves of the Korsnäs mine in western Finland (Rehtijärvi and Kinnunen 1979) .
Material
The quartz specimens for modal analysis were selected from 13 Proterozoic stratabound, metamorphosed sulphide ore deposits, hydrothermal mineralizations and dimension stone and industrial mineral quarries that have supplied gem-quality smoky quartz in Finland ( Table 2) . Some of these localities had been studied microthermometrically for their fluid inclusions during explorational reconnaissance (references in Table 2 ). The locations of the sampling sites are shown in Fig. 1 .
Methods

Linear measurement procedure
Doubly-polished thick sections, specifically prepared for fluid inclusion studies, and loose grain mounts (Kinnunen 1986 ) were used as specimens. Modal analysis was performed with randomly selected measuring lines as units. The intercept lengths of the fluid inclusions were measured along each line with a Leitz screw micrometer eyepiece (magnification 16x).
To eliminate the depth effect, the microscope objective used should have a high numerical aperture. The depth of field decreases below 1 Figure 1 . Localities of the fluid inclusion samples listed in Table 2 . The generalized geological map of Finland is simplified from Simonen (1980) and Gaål (1986) . The numbers refer to the localities in Table 2 micrometer if the numerical aperture exceeds 0.6 (Fig. 2 in Hinkelmann 1989) . In this study a Leitz NPL 40x fluorite-type plan-achromat with a numerical aperture of 0.70 was used, and thus the depth of field was reduced to 0.8 micrometers. Therefore the inclusions at different sample levels did not hamper the measuring procedure.
Note that the theoretical lateral resolution of the 0.70 numerical aperture is only 0.5 microns for green light. This determines the minimum diameter of the inclusion cavities that can be studied with an optical microscope.
The length of each measuring line was 94 microns with the optical system constructed. Approximately 120 measuring lines were studied on each specimen. The volume percentage of fluid inclusions was calculated by dividing the sum of the intercept lengths of the inclusions by the total length of the measuring lines and by multiplying the quotient by a hundred. According to the geometrical relations outlined by Chayes (1956) and Jones (1987) , this one-dimensional figure equals the three-dimensional volume percentage content.
Classification of inclusions
The fluid inclusions in the samples studied were grouped into primary, pseudosecondary and secondary types according to the criteria listed by Roedder (1984) . The fluid inclusion fillings were classified into five main types (Table 2 ) with a Chaix-Meca crushing stage using appropriate reagents for the detection of carbon dioxide and organic gases under pressure following the procedures in Roedder (1970) . Additional tests were performed with a Chaix-Meca heating/freezing stage and with drops of micro-cooling liquids to confirm some of the identifications. To eliminate the effects of the necking-down phenomena typical of some secondary fluid inclusion planes in quartz, only the main inclusion type in each inclusion plane was noted.
An attempt at a more detailed classification of the S4 inclusions was tried using a crushing stage and microthermometrical data but with equivocal results. Most of the inclusions turned out to be complicated multicomponent systems mainly composed of carbon dioxide plus several minor components, as seen from the common stepwise dissolution of the liberated gas bubbles. Pure end members were rare, and the gaseous-type inclusions encountered in this study were classified exclusively in the S4 type.
Fluid inclusion data
The volume contents of fluid inclusions expressed in percentages, the inclusion assemblages, the mean and maximum intercept lengths and the corresponding filling types are given in Table 2 .
Volume contents
The highest volume contents of the fluid inclusions were determined from large quartz crystals. These crystals contained comparatively large primary inclusions, which increased the volume content. Secondary inclusions were common in their fractured base. Almost all large quartz crystals, studied in other connections (data not given here), from chambers and vugs in complex pegmatites, open veins and miarolitic cavities in rapakivi granites revealed high total inclusion contents.
The smoky quartz crystals from the Kaatiala rare element pegmatite quarry in Kuortane and the Pyterlahti rapakivi granite quarry in Virolahti were selected as typical examples of this material (Figs. 1 and 2, Table 2 ). The morion-type smoky quartz crystals from these localities have been widely used as cabochon material, but the final polishing of many crystals has failed owing to the presence of exposed inclusion cavities and the deposition of polishing powder in these cavities. The present inclusion study suggests that the terminated ends of morion crystals should preferably be used as cutting material, because the fluid inclusion contents are lower at the end of the quartz crystals than at their fractured base.
The second highest fluid inclusion contents were observed in vein quartzes (Table 2) . These quartzes are characterized by secondary inclusions of several (from 2 to 4) types and generations. Although the typical milky and grey colour is caused by the scattering of light from clouds of secondary fluid inclusions (Frondel 1962) , the Table 2 ).
The quartzes from rocks and massive ore types showed only secondary fluid inclusions and therefore lower fluid inclusion contents (Fig. 2, Table 2 ). Only exceptionally did these quartzes contain comparatively large »isolated» secondary inclusions. However, even these inclusions were found to lie along surfaces when examined on a universal stage. They usually contained only very small secondary inclusions on planes of plastic and/or brittle deformation as described by Wilkins and Barkas (1978) . The quartz samples from metamorphosed sulphide ores usually had somewhat higher inclusion contents than those from ordinary barren rocks. The samples from in or near hydrothermal mineralizations were especially rich in secondary inclusions (No. 3 in Table 2 ).
Inclusion assemblages
The various filling types of secondary fluid inclusions revealed some interesting petrographical characteristics. S5 inclusions were preferably located on sharp, healed microfractures usually cutting several mineral grains. SI and, rarely, S4 inclusions (eg. No. 13 in Table 2 ) sometimes lay along diffuse planar planes of plastic deformation character and totally inside (!) the individual quartz grains. Unfortunately, the minute size of these SI inclusions prevented them from being studied in greater detail. This petrographic observation strongly suggests that some of the SI inclusions may have exsolved from the quartz lattice during plastic deformation (see Wilkins and Barkas 1978) . Usually, however, the SI and especially the S4 inclusions are situated on ordinary healed fracture planes terminating at the grain boundary or, in some cases, cutting several mineral grains.
The fluid inclusion contents of the rapakivi granite quartz were higher in the Uhlu, Vehmaa rapakivi batholite than in the Pyterlahti, Wiborg rapakivi batholite (Nos. 5 and 11 in Table 2 ), although the present study contains too few data to allow an areal comparison to be made. Both of these rapakivi granite types contain S2 inclusions, which are the main carriers of chlorides in rapakivi quartz (Haapala and Kinnunen 1979) . This fact provides some foundation for the interpretation of the source of salt components in deep saline ground waters (see Hyyppä 1963; Kankainen 1982; Hyyppä 1984; Nurmi et al. 1988) and their relationship, if any, to microcracks (Suominen 1983) in rapakivi granite areas of Finland.
Inclusion sizes
A positive linear correlation exists between the average intercept lengths and the volume percentage of fluid inclusions in quartz as shown by the statistical parameters derived from the data in Table 2 . The correlation coefficient is high, 0.915, and the correlation obeys the equation y = -0.0046 + 0.26x where y is the volume percentage and x the arithmetical mean of the intercept length expressed in microns. The correlation can be explained by the geometry: the increase in the volume content in relation to the intercept lengths (arbitrary diameter of inclusion cavities) obeys a third order power function. Although the larger inclusions have a marked effect on the arithmetical mean used as an average, this trivial equation offers an easy way of making a preliminary assessment of the inclusion volume contents in ordinary specimens.
The size of the fluid inclusions in the quartz of Finnish metamorphic rocks is exceedingly small, the intercept lengths usually being less than a few microns. Moreover, in all the specimens studied, only secondary inclusions were observed. This makes it very difficult to study the inclusions under the optical microscope, especially on a heating/freezing stage. The minimum sizes indi- cate merely the resolution of the optical system used. Smaller inclusion cavities had been found during some earlier scanning electron microscope examinations on the fractured and polished surfaces of quartzes from the Kaatiala pegmatite quarry and the Keretti mine (University of Helsinki, Geology Department in 1974; Helsinki University of Technology, Electron Microscopy Laboratory in 1979). The specimens contained very few inclusions of submicroscopic size and the ratio of the inclusion sizes to the abundances remained visually constant at magnifications up to 10,000x. Because these submicroscopic inclusions have only a neglible effect on the total volumes measured, they were omitted here. Furthermore, fluid inclusions as such are defined as cavities in minerals 1.0-100.0 microns in diameter (Bates and Jackson 1987) ; in some Finnish rocks (Nos. 11 and 12 in Table 2 ) the intercept lengths of even the largest measured -and found -inclusions were below this 1 micron limit.
Discussion and conclusions
Fluid inclusion contents were highest in individual euhedral crystals, as the comparatively few large primary inclusions increase the volume contents (see Fig. 2 ). In metamorphic quartz samples the inclusion contents are low owing to the predominance of very small secondary fluid inclusions.
Size problem
The exceedingly small size of the fluid inclusions in metamorphic rock-forming quartzes, which was known but had not been accurately measured before, was an unexpected result. Most of the SI and S4 types and some of the S2 and S5 types are near or below the limits of resolution of the optical microscope. Larger primary inclusions are common only in euhedral quartz crystals. This also applies to other mineral species studied (Table 1 ) from crystalline bedrock. The scarcity of primary, genetically important inclusions together with the exceedingly small size of the common secondary inclusions makes it difficult to apply instrumental fluid inclusion studies to Finnish rocks at present.
Relation to rock types
The S5 type, which was detected in all samples, is the only universal fluid inclusion type in the samples studied. These monophase water inclusions were formed at very low temperature in microfractures (see Roedder 1984; Arnold 1986 ). The S4 inclusions are typical of metamorphic terrains (Schreurs 1984; Crawford and Hollister 1986; Kerkhof 1988; Newton 1989 ) but they have also been found in the quartz of rapakivi granites. The ores and mineralizations studied typically contained S2, PS2 and P2 inclusions of high salinity and density. According to the present data, the three-member assemblage -S1/S2, S4, S5 -is typical of Proterozoic metaquartz. In addition to these, Poutiainen (1989) has identified gaseous secondary fluid inclusions with methane plus/minus nitrogen filling from some metamorphic quartz veins in the JoroinenSulkava area in Central Finland. The S3 inclusions, and especially the P3 and PS3 inclusions, seem to characterize the quartz in complex and simple pegmatites (see Kinnunen 1976a) .
Relation to saline ground waters
It has been suggested that the salt components in saline and brine-type ground waters at deeper levels in old shield areas originate not only from ordinary fluid-rock interactions through hydrolysis of plagioclase and biotite (see Peters 1986; Nurmi et al. 1988 ) but also from destroyed fluid inclusions in granitoids (Lindblom 1984) . However, the low contents of fluid inclusions determined from the metamorphic specimens and the rapakivi granite quartz in this study do not support this hypothesis. Young, unhealed microfrac-tures cutting through inclusion cavities and releasing the inclusion fluids into the surrounding ground water are only two-dimensional planar surfaces and evidently do not destroy all the inclusions in a quartz grain. Note that unhealed microfractures, as such, were rare in the inspected specimens. Besides, only in quartz veins and in monomineralic quartzite (Nos. 3, 4, 7, 13 in Table 1 ) do the inclusion contents represent the total content in specified rocks. In other cases, excluding the quartz crystals, the contents determined for quartz must be corrected with the modal content of quartz in the rock type.
Other minerals that could host considerable amounts of fluid inclusions are rare in granitoids. Moreover, only part of the fluid inclusion assemblage is composed of S2 and/or SI and S3 types (see Table 2 ), which are the main carriers of the salt components. In contrast to the models discussed, it is here proposed that some of the unhealed low-temperature type S5 inclusions in the quartz of granitoids (Table 2) may, in fact, represent saline ground water in crystalline bedrock. According to the most recent studies of Arnold (1986) , the metastable, monophase aqueous fluid inclusions, here classified as the S5 type, were trapped under PT conditions very close to room temperature.
Use in prospecting
The fluid inclusion volume contents also have interesting implications for prospecting. Mesozoic and Cenozoic porphyry copper deposits and many hydrothermal deposits of various geological ages are characterized by high visual abundances of fluid inclusions in quartz (Nash 1976) . This may justify the explorational use of decrepitation (Sitaramayya 1982) , which basically rests on the high -albeit not accurately determined -abundances and large size of fluid inclusions as discussed by Yermakov (1965) and Hladky and Wilkins (1987) . For some ore types the high contents of fluid inclusions may, therefore, correlate with the ore potential of the host rocks. However, the high contents of secondary fluid inclusions do not necessarily indicate large volumes of fluid flow (in flow pores); rather, they refer to the high degree of microfracturing (as diffusional pores) which favoured the trapping of fluids (see Norton and Knapp 1977) .
Source of fluid types
The contents of the SI inclusions in metamorphic quartz may have unexpected genetic implications for metamorphic petrology through the hydrolythic weakening of quartz, as experimentally shown by Blacic (1975) . Roedder (1981) has thus emphasized the problematic nature of secondary fluid inclusions in metaquartz. It has repeatedly been proposed that many aqueous secondary fluid inclusions, related to ductile deformation and common in metamorphic quartz, may have been formed by exsolution in hydrogen diffusion (Wilkins and Barkas 1978; Eadington and Wilkins 1980; Spear and Selverstone 1983) .
In laboratory experiments, submicroscopic aqueous fluid inclusions have precipitated from hydrogen defects during heat treatment of amethyst and synthetic quartz (McLaren et al. 1983; Cordier et al. 1988) . The contents of fluid inclusions in typical magmatic and metamorphic rock samples (Nos. 9-13 in Table 2 ) are of the right magnitude provided the solubility of H 2 0 in the quartz lattice was about 300 ppm at 3 kb as given by Spear and Selverstone (1983) . The petrographic observations of diffuse planes of SI inclusions restricting their occurrence totally inside the metaquartz grains (e.g. No. 13 in Table 2 ) seem to support this hypothesis. Microscopically very similar inclusions have been seen in the cloudy areas formed in the laboratory heat treatment of Finnish amethyst crystals and described by Kinnunen (1980a) from the old Stansvik iron mine in Helsinki. If this hypothesis is valid, these aqueous exsolution fluid inclusions in metamorphic quartz reflect the primary composition of the quartz itself and its readjustment to changing PT conditions -rather than the composi-tion of the discrete metamorphogenic intergranular fluid, as usually interpreted in recent fluid inclusion studies (see Kreulen 1987) .
Perhaps both types are present in Finnish Proterozoic metaquartz. The S4 inclusions may be interpreted as intergranular metamorphogenic fluids (see Touret 1982) . Some of the SI inclusions bear a resemblance to the exsolutional model. Usually, however, SI and S2 can be interpreted as ordinary intergranular metamorphogenic and/or hydrothermal fluids. In some microcracks S5 may be very recent and connected with saline groundwaters (see Arnold 1986) . In theory, the secondary inclusions in metaquartz could have trapped many types of the fluid generation present in the crust at various times, provided that brittle fracturing suitable for the formation of inclusion cavities had occurred. The problems mainly focus on the difficulty of determining the relative ages of the many types and generations of the secondary fluid inclusions present in metaquartz.
Origin of inclusion cavities
The data on the fluid inclusions in Finnish quartz samples show that the contents of the fluid inclusions in rock-forming quartz differ from those in quartz crystals in origin. In the rockforming quartz the contents of inclusions mainly indicate the degree of brittle fracturing of the quartz and perhaps only to a limited extent the degree of exsolution during ductile deformation related to recovery as suggested by White (1973) . According to the laboratory simulations performed by Shelton and Orville (1980) , the synthetic secondary fluid inclusions in quartz are localized along former fracture-surface step lineations.
In quartz crystals the contents of fluid inclusions are mainly due to imperfections in the crystal growth mechanism, eventually leading to the formation of primary inclusions, but also to the degree of brittle fracturing at the base of the crystals, which causes the formation of secondary inclusions. Mosaic or lineage structures in crystal growth associated with a high dislocation density are considered to be the main reason for the formation of primary fluid inclusions (see Chapter 2 in Roedder 1984 for detailed references). The contents of primary fluid inclusions in quartz crystals can therefore be considered as a function of the crystal growth mechanism involved and imperfections induced by its microenvironment (solid particles on growing crystal faces, immiscibility, fluctuating PTX environment, etc.).
Applications
The described linear measurement procedure modified from Rosiwal's method and applied to the modal analysis of fluid inclusion content gives reasonably accurate results, but it is too timeconsuming to be recommended as a routine procedure. It may find use in studies of a few selected samples whose inclusion contents it is important to know. An example is the need for accurate chemical data on total fluid inclusion composition. With its very small sample size requirements (about 0.2 g), neutron activation analysis could be a possible method if combined with determined fluid inclusion contents.
The observed correlation between fluid inclusion mean size and the volume percentage may be used as a preliminary estimate of the volume content for routine studies. It can be determined relatively rapidly by making a few measurements with a screw micrometer eyepiece from loose grain mounts (Kinnunen 1986) or from doublypolished thick sections.
